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PHASE SHIFTER WITH REDUCED LINEAR 
DEPENDENCY 

RELATED APPLICATION DATA 

This application is a continuation of U.S. patent applica 
tion Ser. No. 12/412,267, filed Mar. 26, 2009 now U.S. Pat. 
No. 7,653,851, which is a continuation of U.S. patent appli 
cation Ser. No. 1 1/895,845, filed Aug. 27, 2007, now U.S. Pat. 
No. 7,523.372, which is a continuation of U.S. patent appli 
cation Ser. No. 10/91 1,033, filed Aug. 3, 2004, now U.S. Pat. 
No. 7.263,641, which is a continuation of U.S. patent appli 
cation Ser. No. 09/713,662, filed Nov. 15, 2000, now U.S. Pat. 
No. 6,874,109, which claims the benefit of U.S. Provisional 
Application No. 60/167,448, filed Nov. 23, 1999, all of which 
are hereby incorporated by reference. 

TECHNICAL FIELD 

This invention relates generally to generation of pseudo 
random test vectors by means of linear feedback shift regis 
ters in multiple scan designs, and more particularly relates to 
means and methods for varying the phase shift and reducing 
linear dependency between test sequences occurring on the 
outputs of parallel test pattern generators. 

BACKGROUND 

As integrated circuits are produced with greater and greater 
levels of circuit density, efficient testing schemes that guar 
antee very high fault coverage while minimizing test costs 
and chip area overhead have become essential. However, as 
the complexity of circuits continues to increase, high fault 
coverage of several types of fault models becomes more 
difficult to achieve with traditional testing paradigms. This 
difficulty arises for several reasons. First, larger integrated 
circuits have a very high and still increasing logic-to-pin ratio 
that creates a test data transfer bottleneck at the chip pins. 
Second, larger circuits require a prohibitively large Volume of 
test data that must be then stored in external testing equip 
ment. Third, applying the test data to a large circuit requires 
an increasingly long test application time. And fourth, present 
external testing equipment is unable to test Such larger cir 
cuits at their speed of operation. 

Integrated circuits are presently tested using a number of 
structured design for testability (DFT) techniques. These 
techniques rest on the general concept of making all or some 
state variables (memory elements such as flip-flops and 
latches) directly controllable and observable. If this can be 
arranged, a circuit can be treated, as far as testing of combi 
national faults is concerned, as a combinational or a nearly 
combinational network. The most-often used DFT method 
ology is based on scan chains. It assumes that during testing 
all (or almost all) memory elements are connected into one or 
more shift registers, as shown in U.S. Pat. No. 4,503,537. A 
circuit that has been designed for test has two modes of 
operation: a normal mode and a test, or Scan, mode. In the 
normal mode, the memory elements perform their regular 
functions. In the scan mode, the memory elements become 
scan cells that are connected to form a number of shift regis 
ters called scan chains. These scan chains are used to shift a 
set of test patterns into the circuit and to shift out circuit, or 
test, responses to the test patterns. The test responses are then 
compared to fault-free responses to determine if the circuit 
under test (CUT) works properly. 

Scan design methodology has gained widespread adoption 
by virtue of its simple automatic test pattern generation 
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2 
(ATPG) and silicon debugging capabilities. Today, ATPG 
software tools are so efficient that it is possible to generate test 
sets (a collection of test patterns) that guarantee almost com 
plete fault coverage of several types of fault models including 
stuck-at, transition, path delay faults, and bridging faults. 
Typically, when a particular potential fault in a circuit is 
targeted by an ATPG tool, only a small number of scan cells, 
e.g., 2-5%, must be specified to detect the particular fault 
(deterministically specified cells). The remaining scan cells 
in the scan chains are filled with random binary values (ran 
domly specified cells). This way the pattern is fully specified, 
more likely to detect some additional faults, and can be stored 
On a tester. 

FIG. 1 is a block diagram of a conventional system 10 for 
testing digital circuits with scan chains. External automatic 
testing equipment (ATE), or tester, 12 applies a set of fully 
specified test patterns 14 one by one to a CUT 16 in scan mode 
via scan chains 18 within the circuit. The circuit is then run in 
normal mode using the test pattern as input, and the test 
response to the test pattern is stored in the scan chains. With 
the circuit again in Scan mode, the response is then routed to 
the tester 12, which compares the response with a fault-free 
reference response 20, also one by one. For large circuits, this 
approach becomes infeasible because of large test set sizes 
and long test application times. It has been reported that the 
Volume of test data can exceed one kilobit per single logic 
gate in a large design. The significant limitation of this 
approach is that it requires an expensive, memory-intensive 
tester and a long test time to test a complex circuit. 

These limitations of time and storage can be overcome to 
some extent by adopting a built-in self-test (BIST) framework 
as shown in FIG. 2. In BIST, additional on-chip circuitry is 
included to generate test patterns, evaluate test responses, and 
control the test. For example, a pseudo-random pattern gen 
erator 21 is used to generate the test patterns, instead of 
having deterministic test patterns. Additionally, a multiple 
input signature register (MISR) 22 is used to generate and 
store a resulting signature from test responses. In conven 
tional logic BIST, where pseudo-random patterns are used as 
test patterns, 95-96% coverage of stuck-at faults can be 
achieved provided that test points are employed to address 
random-pattern resistant faults. On average, one to two test 
points may be required for every 1000 gates. In BIST, all 
responses propagating to observable outputs and the signa 
ture register have to be known. Unknown values corrupt the 
signature and therefore must be bounded by additional test 
logic. Even though pseudo-random test patterns appear to 
cover a significant percentage of stuck-at faults, these pat 
terns must be Supplemented by deterministic patterns that 
target the remaining, random pattern resistant faults. Very 
often the tester memory required to store the Supplemental 
patterns in BIST exceeds 50% of the memory required in the 
deterministic approach described above. Another limitation 
of BIST is that other types of faults, such as transition or path 
delay faults, are not handled efficiently by pseudo-random 
patterns. Because of the complexity of the circuits and the 
limitations inherent in BIST, it is extremely difficult, if not 
impossible, to provide a set of test patterns that fully covers 
hard-to-test faults. 
The pseudo-random pattern generator typically is a simple 

hardware structure called linear feedback shift registers (LF 
SRs). An LFSR comprises a sequence of chained data 
memory elements forming a shift register. A given LFSR of 
length n can be represented by its characteristic polynomial 
hx"+ . . . +h x+ho, where the term hix' refers to the ith 
flip-flop of the register, such that, if h-1, then there is a 
feedback tap taken from this flip-flop. When the proper tap 
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connections are established in accordance with the given 
polynomial, the combined (added modulo 2) output of each 
stage is feedback to the first stage of the LFSR. Such an 
implementation is called type I LFSR or Fibonacci generator. 
An alternative implementation uses a shift register with XOR 
gates placed between the LFSR cells. It is called type IILFSR 
or Galois true divisor. A distinct feature of this configuration 
is that the output of the last stage of the LFSR is being fed 
back to those stages, which are indicated by the characteristic 
polynomial employed. A polynomial, which causes an n-bit 
LFSR to go through all possible 2'-1 nonzero states is called 
a primitive characteristic polynomial. A corresponding LFSR 
is often referred to as a maximum-length LFSR, while the 
resultant output sequence is termed a maximum-length 
Sequence or m-Sequence. 

FIG. 3 shows an LFSR 24 used as a test generator to feed 
multiple scan chains 26 in parallel. A problem with this 
design is that the resultant fault coverage is often unsatisfac 
tory due to structural dependencies introduced by the LFSR. 
Indeed, if the scan paths are fed directly from adjacent bits of 
the LFSR, then this very close proximity causes neighboring 
scan chains to contain test patterns that are highly correlated. 
This phenomenon can adversely affect fault coverage, as the 
patterns seen by the circuit under test (CUT) will not be 
pseudo-random. 

To further reduce correlation between scan chains, a phase 
shifter 28 is inserted between the LFSR24 and the scan chains 
26 (See FIG. 4). A typical phase shifter 28 consists of exclu 
sive- or (XOR) network employed to avoid shifted versions of 
the same data in various scan paths. Every scan chain is then 
driven by circuitry that corresponds to a linear combination of 
LFSR stage outputs. This circuitry generates a test sequence 
with the desired separation from other sequences by employ 
ing the “shift-and-add” property of m-sequences according to 
which the Sum of any m-sequence and a cyclic shift of itself is 
another cyclic shift of this m-sequence. In practice, phaseshift 
circuits are designed according to different principles. In 
constant-phase shifters, an interchannel displacement for 
each scan path is specified prior to the actual synthesis pro 
cess. The latter employs the transition matrix that describes 
the LFSR behavior to determine LFSR outputs realizing suc 
cessive shifts. The basic deficiencies of this approach are 
necessity to perform matrix operations and complexity of the 
resultant phase shifter which may feature, even after a decom 
position and factorization process, an unnecessarily large 
number of XOR gates, and large propagation delays. The 
large propagation delays are evident from the large number of 
XOR gates coupled to a single tap 30 on the LFSR. Such an 
excess loading increases capacitance resulting in slow signal 
propagation. Notably, other taps on the LFSR, such as tap 32, 
only has a single XOR gate coupled to its output. The dis 
crepancy between loads on the taps of the LFSR increases 
linear dependency between the patterns stored in the scan 
chains. 

In order to control the amount of hardware involved in the 
phase shifter design process, an alternative technique is given 
in U.S. Pat. No. 4.959,832. Rather than seeking linear com 
binations for each channel, it starts with a pre-specified phase 
shifter structure, and Subsequently determines the resultant 
channel phaseshifts. Consequently, the separations between 
channels become variable, and complex calculations may be 
required to determine their actual values. In addition, the 
Solutions presented in that patent limits the number of output 
channels to the number of LFSR stages. Unfortunately, the 
method used to design the variable-phase shifters is inher 
ently adhoc and becomes impractical for circuits with a large 
number of scan chains. 
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Recently, a new technique was presented in two papers: 

“Design of phase shifters for BIST applications.” Proc. VLSI 
Test Symposium, 1998, and “Automated Synthesis of Large 
Phase Shifters for Built-in Self-Test, Proc. ITC, 1998. These 
papers disclose a concept of LFSR duality. In LFSR duality, 
given a type ILFSR, its dual LFSR (that is always of type II) 
can be obtained by reversing the direction of all feedback taps 
except the rightmost one. Similarly, given an LFSR of type II, 
a dual LFSR of type I can be derived by reversing all the 
feedback taps except the rightmost one. This method relates 
the logical states of dual LFSRs and architecture of a desired 
phase shifter as follows. After an appropriate initialization of 
the dual LFSR, its logic simulation is performed for k con 
secutive steps. Subsequently, the resulting content of the dual 
LFSR, i.e., the locations of 1s, point out positions that should 
be included in a phase shifter structure to obtain a sequence 
shifted by kbits. It is shown that it is possible to synthesize in 
a time-efficient manner very large and fast phase shifters with 
guaranteed minimum phaseshifts between scan chains, and 
very low delay and area of virtually one 2-way XOR gate per 
output channel. Unfortunately, the techniques described in 
these papers also have problems with load balancing. Specifi 
cally, a discrepancy exists between loads on the LFSR taps 
that increases propagation delays and the linear dependency 
between the patterns stored in the scan chains. 
The continuous trend toward higher integration densities 

and more flexible BIST automation tools creates an increas 
ing need for more time-efficient phase shifter synthesis pro 
cedures and corresponding very fast logic synthesis routines. 
These techniques should be able to handle a wide variety of 
large LFSRS feeding a large number of scan chains, and, at the 
same time, provide a cost effective implementation of a given 
phase shifter network. It is not uncommon for the current 
designs to contain in excess of one million gates. The number 
of flip-flops in Such designs ranges in tens of thousands. 
Assuming that there are about 50,000 flip-flops in a million 
gate design and limiting the number of flip-flops per scan 
chain to 250 in order to reduce the test application time, one 
can obtain a circuit with 200 scan chains. A 64-bit wide LFSR 
would be sufficient to drive these 200 scan chains only if a 
carefully designed phase shifter were employed to remove 
structural and linear dependencies. In order to ensure high 
fault coverage and reasonable test application time, it is 
imperative to eliminate Such dependencies between the scan 
chains. From this example, it is clear that proper design of 
phase shifter circuits plays a key role in the Success of a 
pseudo-random BIST scheme. 

SUMMARY 

The present invention provides a linear finite state machine 
(LFSM) and phase-shifter combination that loads scan chains 
with test patterns having reduced linear dependency. The 
LFSM includes multiple stages of memory elements (also 
called LFSM cells) typically coupled together in series and 
often having some intermediate feedback. The LFSM stages 
have outputs coupled to linear logic gates (e.g., XOR, XNOR 
gates) of the phase shifter. The output channels of the phase 
shifter are coupled to scan chains that are loaded with test 
patterns to test faults within the integrated circuit. 

In one aspect, the LFSM has a substantially balanced load, 
meaning that the individual cell outputs (called taps) of the 
LFSM drive (roughly) a similar number of linear logic gates 
in the phase shifter. By having a balanced load, a plurality of 
linear logic gates in the phase shifter each receives its inputs 
from distinct cells of the LFSM. The LFSM cell outputs 
driving the phase shifter are selected by means of a pseudo 
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random number generator yielding uniformly distributed 
integers between 0 and n-1, where n is the size of the LFSM. 
Additionally, the generation process is guided by a histogram 
of the LFSM cells. Given an LFSM cell, the corresponding 
entry of the histogram records how often the cell has been 
used. If the current number of times a cell has been used 
exceeds a certain limit, that particular cell is temporarily 
excluded from further generation until the remaining cells 
have been used a similar number of times. As a result, the 
LFSM cells drive approximately the same number of phase 
shifter gates. 

In another aspect, a verification phase ensures that a test 
pattern or sequence produced by a linear combination of 
newly generated taps does not overlap with sequences that are 
generated by already existing tap combinations. Thus, a 
check is performed for whether a given tap combination sat 
isfies an interchannel separation criterion. That is, each of the 
resulting patterns must be shifted with respect to other pat 
terns in the scan chains by at least a pre-specified number of 
bits. The interchannel separation may vary based on the appli 
cation. For example, the interchannel separation may be at 
least the length of the longest scan chain. 

In another aspect, a concept of duality is used to relate the 
logical states of LFSMs and architecture of circuits spacing 
their inputs to each of the outputs. Consequently, only simple 
logic simulation of a dual LFSM is required to determine if 
during a given period no elements are produced that belong to 
another sequence generated by a linear combination of taps 
already included into a phase shifter network. 
The present invention may be practiced using LFSMs 

exhibiting properties of characteristic polynomials that pro 
duce maximum-length sequences. 

These and other aspects and features of the invention are 
described below with reference to the accompanying draw 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a prior art system for testing 
integrated circuits. 

FIG. 2 is a block diagram of a prior art system using a 
built-in-test system. 

FIG. 3 is a circuit diagram of a prior art system having an 
LFSR feeding parallel scan chains. 

FIG. 4 is a circuit diagram of a prior art system having an 
LFSR feeding parallel scan chains through a phase shifter. 

FIG. 5 is a circuit diagram of a transformed LFSR imple 
menting polynomial x+x+x+x+1. 

FIG. 6 is a circuit diagram of a dual transformed LFSR of 
the transformed LFSR of FIG. 5. 

FIG. 7A is a circuit diagram of a transformed LFSR with 
minimized number of XOR gates and implementing primitive 
polynomial x+x+x+x+1. 

FIG. 7B is a circuit diagram of a dual transformed LFSR of 
the transformed LFSR of FIG. 7A. 

FIG. 8 is a circuit diagram of a phase shifter synthesized 
according to the present invention. 

FIG. 9 is a graph illustrating the relationship between the 
interchannel separation and the probability of finding a solu 
tion for transformed LFSRs with phase shifters. 

FIG. 10 is a flowchart of a method for generating a phase 
shifter with balanced loading. 

FIG. 11 is a flowchart of a method for generating a phase 
shifter using random generation of LFSM cells. 

FIG. 12 is a flowchart of a method for preprocessing LFSM 
cells during generation. 

FIG. 13 is a flowchart for randomly selecting taps that have 
been preprocessed according to FIG. 12. 
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FIG. 14 is a detailed flowchart of a method for generating 

a phase shifter. 

DETAILED DESCRIPTION 

Linear finite state machines (LFSMs), such as linear feed 
back shift registers (LFSRs) and cellular automata (CA), are 
often used for generating pseudo-random sequences. An 
example LFSM implements a characteristic primitive poly 
nomial h(x)=h,x'+...+hX+ho of degreen. Given this circuit, 
logic synthesis of phase shifters entails finding a set of linear 
combinations of the LFSM cell outputs such that each of the 
resulting sequences are shifted with respect to every other 
sequence by at least a pre-specified number of bits. Although 
a specific embodiment of the LFSM is described (i.e., a trans 
formed LFSR), other LFSMs may be used. The transformed 
LFSR (also called the t-LFSR) includes memory elements in 
a ring structure with the feedback connections (in contrast to 
both type I and type IILFSRs) begin and terminate at different 
stages of the shift register, as shown in FIG. 5 for primitive 
polynomial x+x+x+x+1. For purposes of this descrip 
tion, the general form of LFSM shown if FIG. 5 is called a 
t-LFSR. 
The method for synthesizing phase shifters shown and 

described herein is aimed at very fast selecting t-LFSR cells 
(the outputs of which are called taps) that when added pro 
duce m-sequences on Successive output channels such that 
their mutual separations are not smaller than a pre-specified 
value. Successive tap combinations are generated randomly, 
and then a check is performed to determine if the generated 
combination can be accepted based on the interchannel sepa 
ration criterion. 

FIG. 10 shows a flowchart of a method for generating a 
phase shifter. In process block 40, an LFSM includes multiple 
cells, which are memory elements (e.g., flip-flops). In process 
block 42, cell loads are stored for use during the generation 
process. The outputs of the cells are typically coupled to 
linear logic gates in the phase shifter. However, excess load 
ing on the output of a memory element increases capacitance, 
slows the signal propagation, and slows the overall circuit. 
Additionally, larger memory elements may have to be used to 
accommodate for large fanouts. By storing the loading infor 
mation, an analysis of the loading can be performed during 
generation of the phase shifter. In process block 44, a phase 
shifter is generated by using the loading information. One 
example of using the loading information is to distribute the 
loading across the memory elements. Thus, by distributing 
the loading across the memory elements, the overall speed of 
the circuit is increased. 

FIG. 11 is a more detailed flowchart of a method for gen 
erating a phase shifter having balanced loading. In process 
block 48, memory elements from the LFSM are randomly 
selected as candidates for use in driving a linear logic gate in 
the phase shifter. In process block 50, for each combination of 
randomly selected memory elements, a check is performed to 
determine if the interchannel separation is an acceptable 
limit. As described further below, to determine the interchan 
nel separation, a simulation is performed on the LFSM to 
ensure that each of the resulting sequences are shifted with 
respect to every other sequence by at least a pre-specified 
number of bits. In process block 52, if the interchannel sepa 
ration is adequate, the memory elements are added to the 
current list of acceptable combinations. 

FIGS. 12 and 13 show the random generation of memory 
elements in more detail. FIG. 12 shows preprocessing per 
formed on available memory elements. During the prepro 
cessing, memory elements that have exceeded a desired limit 
on loading are temporarily excluded from a set of available 
elements. In process block 56, a set (table, array, list, etc.) of 
memory elements is generated. This set includes each of the 
memory elements in the LFSM that could potentially be used 
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to drive a linear logic gate in the phase shifter. Each memory 
element is analyzed, in turn, to check for a current amount of 
loading on that memory element. Thus, in process block 58, a 
current memory element being analyzed has its loading 
checked. The loading of the memory elements changes dur 
ing the generation process of the phase shifter. Consequently, 
a storage technique is used for keeping track of the amount of 
loading of the memory elements. The illustrated embodiment 
uses a histogram to track loading of the memory elements, but 
other techniques may be used. In decision block 60, a deter 
mination is made whether the loading on the currently ana 
lyzed memory element exceeds a desired limit. If decision 
block 60 is answered in the affirmative, the memory element 
is temporarily removed from the set of available memory 
elements (process block 62). If decision block 60 is answered 
in the negative, then the memory element remains in the set of 
available elements. In decision block 64, a check is made 
whether all of the memory elements in the set have been 
analyzed. If not, the process continues for other memory 
elements in the set as indicated by arrow 66. If decision block 
64 is answered in the affirmative, processing continues in 
FIG. 13. 

FIG. 13 shows the random selection of memory elements. 
In process block 70, a memory element is randomly selected. 
A variety of algorithms can be used for the random selection 
as is well understood in the art. In process block 72, the 
selected memory element is stored for later processing. In 
decision block 74, a check is made whether the desired num 
ber of memory elements has been selected. If not, the random 
selection continues, as indicated by arrow 78. If the desired 
number of memory elements have been selected, then the 
routine exits in block 76. 
The following algorithm 1 shows specific details in the 

preprocessing and selection of memory elements. The algo 
rithm uses as an example that the LFSM is a t-LFSR Algo 
rithm 1 returns a desired combination assuming that auxiliary 
vectors Taps and Position it uses have dimensions equal to the 
requested number of XOR taps and the t-LFSR size, respec 
tively. These vectors are employed to store successive XOR 
taps and to control the generation process. 

ALGORITHM 1: RANDOM GENERATION OFXORTAPS 

Preprocessing - true 
while Preprocessing do 

for i <-0 up to t-LFSR size - 1 do Positioni = i 
k 6-0 
for i <-0 up to t-LFSR size - 1 do 

if Histogrami = limit then 
Positioni - Positionk 
ke-k+ 1 

ift-LFSR size - k < desired number of XOR taps then limit <- 
limit + 1 
else Preprocessing - false 

fi Actual generation of XOR taps 
for i <-0 up to desired number of XOR taps - 1 do 
re-random (k, t-LFSR size - 1) 
Tapsi - Position r 
Position r <- Positionk 
ke-k+ 1 

Algorithm 1 consists of two major parts. It starts by initial 
izing vector Position. Through the course of the algorithm 
this vector maintains identities of all t-LFSR stages that have 
not been chosen yet. These numbers are gradually copied to 
those entries that were already selected and hence used as the 
XOR taps. Each entry Positioni is set initially to i, for i=0, 
1,..., n-1, where n is the size of a given t-LFSR. Then, still 
inside the while loop, the content of vector Position is further 
preprocessed as follows. To avoid large fanouts on the outputs 
of some t-LFSR stages, the generation process is guided by a 
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8 
histogram of the t-LFSR cell loads. Given a t-LFSR cell, the 
corresponding entry of the histogram records how often the 
cell has already been used. If the current value exceeds a 
certain limit, this particular cell is temporarily excluded from 
further generation until usage of the remaining cells will 
reach the similar level. In this way, all cells will drive virtually 
the same number of XOR taps. 
A technique employed to accomplish exclusion of particu 

lar cells can be best understood when analyzing the second 
part of Algorithm 1 where actual XOR taps generation is 
carried out. Function random (a,b) is a generator of pseudo 
random integers uniformly distributed in the range between a 
and b. Assuming that r is the required number of XOR taps, 
the algorithm fills in vector Taps in a manner that corresponds 
to producing r-element sequences chosen from an n-element 
set using random order. This part of Algorithm 1 needs 
exactly r steps to complete the generation process every time 
it is invoked. Indeed, successive XOR taps are provided 
through vector Position rather than directly from the genera 
tor random. Also, every generation step, the range in which 
function random operates, is getting reduced by one, thus 
assuring that even if the same random number is generated 
again, the entry indicated by this number will have a different 
content than before. The same technique used in the initial 
ization phase precludes some t-LFSR cells from being over 
used. 

For purposes of example, assume that initially the variable 
“limit” is equal to 1 and the Position vector is initialized as 
discussed earlier. Then execution of the above code reduces 
the range of candidate positions to become the next XOR taps 
combination to only those whose corresponding entries in 
vector Histogram are smaller than the current value of vari 
able limit. Afterwards, the number of t-LFSR stages that has 
not been excluded is compared against the required number of 
XOR taps. If a new combination cannot be generated, the 
current limit is increased and the whole process repeats. 
Because some XOR taps combination can be rejected based 
on the interchannel separation criterion, even availability of 
several cells may not be a Sufficient condition to successfully 
complete the generation process. Therefore, the number of 
Such rejections must be recorded, and after a certain number 
of consecutive failures variable limit has to be increased as 
well. 

For the sake of illustration, one and two-dimensional his 
tograms of the loads oft-LFSR cells are included below. They 
were obtained when running Algorithm 1 on 24- and 32-bit 
t-LFSRs driving 100-output phase shifters. Each output chan 
nel of both phase shifters was supplied by a linear combina 
tion of seven t-LFSR stages. Thus expected loads of a single 
cell before logic synthesis are 30 and 22 XOR gates, respec 
tively (compare the second rows of Tables I and II). Further 
more, every pair of t-LFSR cells was observed to measure 
how often this particular pair is involved in driving the same 
output channel of the phase shifter. Again, the expected num 
bers, assuming their orthogonality, were 7.61 and 4.23. 
respectively (see Tables III and IV). As can be seen, the 
resultant histograms represent highly balanced usage of all 
LFSR stages, with the generated numbers being very close to 
the theoretical ones. It should be noted, however, that the 
generation process of XOR taps is followed by logic synthesis 
in which the obtained XOR taps become the subject of fac 
torization process. This procedure may significantly reduce 
the actual usage of Successive stages of the generator as 
indicated by the third rows of Tables I and II, where the loads 
of generator stages after logic synthesis are listed. 
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TABLE I 

19 20 21 22 23 9 10 11 12 13 14 15 16 17 18 8 

29 29 30 29 29 30 30 29 29 29 29 29 29 30 28 29 29 29 30 29 28 29 30 29 
8 10 11 8 7 10 

TABLE II 

9 10 11 12 13 14 15 16 17 18 8 

2 22 22 22 21 22 22 22 22 22 22 22 22 22 22 22 22 22 21 
10 

22 23 24 25 26 27 28 29 30 31 19 20 21 O 

22 22 22 22 22 22 22 22 22 22 22 21 22 21 
11 

TABLE III 
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TABLE IV-continued 

24 
25 
26 
27 
28 
29 
30 
31 

18 19 20 21 

1 

3 O 
3 1 

As can be seen in Tables I and II, there is load balancing 
between the memory elements of the LFSM. Additionally, 
there is load balancing for pairwise combinations of memory 
elements driving the same linear logic gate. For example, 
referring to Table III, XOR tap combination 01 is used seven 
times. This means seven linear logic gates in the phase shifter 
are driven by a combination of memory element 0 and 
memory element 1 in the LFSM. As can be seen, each pair 
wise combination of memory elements drives a Substantially 
similar number of linear logic gates. Of course some variation 
exists in the load balancing and pairwise combinations, but 
compared to previous designs, these features are much 
improved. 
The verification step is ideally carried out to ensure that, 

assuming the minimum channel separation d, a sequence 
produced by a linear combination of newly generated XOR 
taps does not overlap with sequences generated by already 
existing channels. In order to carry out the Verification pro 
cedure, the new method is employed that generalizes the 
concept of duality. 

Given the original structure of the t-LFSR as shown in FIG. 
5, its dual form is derived by reversing the direction of all 
feedback connections (see FIG. 6). In other words, a dual 
t-LFSR features XOR gates placed on the outputs of those 
flip-flops that have been used to drive feedback taps in the 
original circuit while the feedback lines originate now at the 
former locations of the respective XOR gates. The newly 
obtained dual t-LFSR is characterized by a corresponding 
transition matrix, say D. A detailed examination of the origi 
nal t-LFSR transition matrix M and matrix D reveals a fun 
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damental relationship between them which can be summa 
rized by the following equation: 

where M is the transpose of M and D is the inverse of D. If 
the above relationship is valid, then the product of M (or 
equivalently D') and Dshould be equal to the identity matrix 
I. It can be easily verified that matrix M contains 1s along the 
diagonal below the main diagonal (plus an additional one in 
the corner to assure a ring structure of the feedback register), 
while matrix D features 1S along the diagonal above the main 
diagonal, and again an additional one to close the loop struc 
ture. These are the only entries that contribute to ones located 
on the main diagonal of the matrix DD". When computing 
remaining entries of this product, in each case the result is 
Zero. To see that this is so, consider an entry that occurs in row 
X and columny of the matrix DD". The way it is computed 
requires that in order to have a nonzero result two ones must 
occur on the corresponding positions in row X and columny, 
respectively. Without loss of generality, we may assume that 
the nonzero entry from row X represents a connection 
between two consecutive flip-flops b-1 and b, i.e., it occurs on 
the diagonal below the main diagonal. The matching nonzero 
entry from the column y must correspond to a connection 
between flip-flops b-1 and another flip-flop c. The latter 
connection must have its own counterpart in the original 
circuit, that is, a feedback line connection between flip-flops 
c-1 and b represented by additional one in row X on position 
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c-1. This one is, however, compensated by an entry in column 
y corresponding to connection between consecutive flip-flops 
c-1 and c. As can be seen, adding up the resulting two prod 
ucts yields the value of Zero. 

It is already known that it is possible to find a phase shifter 
for a given channel spaced q shifts down the m-sequence 
generated by the jth channel of the conventional LFSRs once 
a Vector M’s, is determined, where s, is a transpose of a 
selection vector that features a single one at the jth position. 10 

The resulting vector will have a one at each position that 
has to be added to obtain the desired m-sequence shifted by q. 
bits. It is known that if transition matrices of two shift regis 
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puts of the original t-LFSR, as indicated by the states of its 
dual t-LFSR, are gathered in the third column of Table V. The 
resulting phaseshifts are shown in the header of this column. 
For instance, state 01100000 occurring in the row “1” indi 
cates that in order to obtain the m-sequence shifted by one bit, 
function s26Bs3 has to be implemented, where s, is the ith 
stage of the original t-LFSR. Similarly, state occurring in the 
row “7”, i.e., combination 00010011 points out that if the 
fourth, seventh and eighth stages are added altogether 
(S46Ds7ets8), then the resulting m-sequence will be shifted by 
7 bits. It can be easily verified that all presented sequences are 
indeed shifted by the desired phaseshifts (shown in the 
header) with regard to the m-sequence observed on the left 
most bit of the original t-LFSR. 

TABLEV 

IISCOLICICCS 

States of original t-LFSR 1 2 3 

O 1 OOOOOOO O 1 1 
1 O 1 OOOOOO 1 O 1 
2 O 1 1 OOOOO O 1 O 
3 O 1 1 1 OOOO O O 1 
4 O 1 1 1 1 OOO O O O 
5 O 1 11 11 OO O O O 
6 O 1 11 11 1 O O O O 
7 O 1111111 O O O 
8 11 1 0 1 1 11 O O O 
9 1 O 1 OO 111 1 O O 
10 1 1 OOOO 11 1 1 O 
11 1 O 1 1 OOO 1 1 1 1 
12 1 1 OO 1 OOO 1 1 1 
13 OO 1 OO1 OO 1 1 1 
14 OOO 1 OO 1 O O 1 1 
15 OOOO 1 OO1 O O 1 
16 1 OO 1 O1 OO O O O 
17 O 1 OO 1 O 1 O 1 O O 
18 O 1 1 OO1 O1 O 1 O 
19 1 11 OOO 1 O O O 1 

ters satisfy the relationship M'D', then the following result 
holds: 

Malf-D. 

40 

where m=2'-1-q. From the above formula a remarkable 
property of the t-LFSR duality follows, namely that the con 
tents of the first column of Mafter q multiplications will also 
be seen in the first row of D after 2'-1-q multiplications of 
this matrix by itself. Since this row of D can be regarded as the 
state of the dual t-LFSR after applying 2"-1-q clock cycles 
(provided its initial value was 10... O), matrix operations of 
the former techniques known from the art can be replaced 
with a simple logic simulation of dual t-LFSRs. In fact, simu 
lation of the dual t-LFSR can be terminated after only q 
cycles. The state of the dual t-LFSR will then define which 
outputs of the original t-LFSR have to be XOR-ed to produce 
a desired string of bits that will be spaced q shifts up the 
reference m-sequence, i.e., the m-sequence originating from 
the designated stage of the t-LFSR. 
As an example, consider a t-LFSR shown in FIG. 7A, 

which has been obtained by applying a number of m-se 
quence preserving transformations. The resulting t-LFSR 
still implements primitive characteristic polynomial h(x) 
=x+x+x+x+1. It has been, however, optimized in order to 
reduce the number of XOR gates, internal fan-outs and propa 
gation delays. The second column of Table V shows the 
operation of this t-LFSR while successive states of its dual 
t-LFSR (FIG. 7B) are listed in the fourth column of the same 
table under the heading “States of the Dual t-LFSR. Some of 
the resulting m-sequences obtained by adding respective out 
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Although the simulation-based technique as shown above 
could be used alone to synthesize phase shifters, it is not time 
efficient when trying to maintain the XOR taps count low. 
This is because states of a given t-LFSR having a small 
number of ones (thus yielding simpler implementations) are 
relatively seldom in the m-sequences produced by larget-LF 
SRs. Consequently, a lot of states have to be scanned before 
accepting desired number of combinations that will guarantee 
the requested minimum separation. Nevertheless, this 
approach can be adopted to carry out the Verification proce 
dure. Note, that no overlap between already obtained 
sequences and a sequence produced by newly generated XOR 
taps implies that from a binary combination B representing 
the new XOR taps onwards, for at least next d steps, there is 
no beginning of another sequence generated by a linear com 
bination of XOR taps already included into a phase shifter 
network. Similarly, no already selected combinations should 
occur among, at least, d Successive states preceding state B in 
the state trajectory of the dual t-LFSR. 

Let each XOR taps combination accepted in the previous 
generation steps be now represented by two binary vectors 
(called guard combinations): the actual XOR taps combina 
tion and another vector that is separated from the former one 
by d steps down the state trajectory of a given dual t-LFSR. 
Consequently, starting from the candidate XOR taps, every 
new combination obtained during logic simulation of the dual 
t-LFSR becomes the subject of searching for the same ele 
ment in a dictionary of the guard combinations representing 
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already accepted XOR taps. If found, it must be rejected as the 
m-sequence generated by the candidate XOR taps would 
overlap with other sequences generated by XOR taps already 
included into the phase shifter structure. Note that the second 
guard combination is always determined at the end of a par 
ticular verification step unless the XOR taps are rejected. 

FIG. 14 shows a detailed flowchart of the overall method 
for generating a phase shifter. In process block 80, a combi 
nation of memory elements are generated (e.g., using the 
techniques described in relation to FIGS. 12 and 13). In 
process block 82, the LFSM is initialized using the generated 
memory elements. In decision block 84, a check is made 
whether the state of the LFSM is the same as previously 
generated guard combinations. If decision block 84 is 
answered in the affirmative, then the memory elements are 
rejected (process block 86) and the process starts over at 
process block 80. If decision block 84 is answered in the 
negative, then the next state of the LFSM is simulated (pro 
cess block 88). For example, the simulated LFSM is clocked 
one cycle. After the LFSM is clocked, a check is made to 
determine if the desired separation is reached (process block 
90). Specifically, a check is made to ensure that the resulting 
sequences are shifted with respect to every other sequence by 
at least a pre-specified number of bits. Many different criteria 
may be used for determining whether the channel separation 
is Sufficient. For example, the channel separation may be at 
least the length of the longest scan chain. If the desired inter 
channel separation is not reached, then decision block 84 and 
process block 88 are repeated until the desired separation is 
reached or a repeating pattern occurs (which results in fail 
ure). If the desired separation is reached, the state of the guard 
combinations is updated (process block 92), the combination 
of memory elements are added to the interim version of the 
phase shifter (process block 94), and the number of channels 
completed is incremented (process block 96). In decision 
block 98, a check is made whether all the desired number of 
channels has been generated. If not, the overall process 
repeats (see arrow 100). If the desired number of channels is 
generated then the routine is complete (process block 102) 
and the phase shifter is generated. Logic synthesis can be used 
to further reduce the size of the generated phase shifter. Nota 
bly, a phase shifter having load balancing continues to have 
load balancing after logic synthesis. 
An exemplary pseudo-code is shown below in Algorithm 2 

for a t-LFSR. An assumption is made that a function already 
generated (vector) returns a logic value true if vector is on the 
list of guard combinations. 

ALGORITEHM2: SYNTHESIS OF PHASE SHIFTERS 

channels - O 
while channels < requested outputs do 

generate XOR taps using Algorithm 1 
rejected - false 
initialize dual t-LFSR using XOR taps combination 
i 6-0 
while is separation and not rejected do 

rejected - already generated (state of dual t-LFSR) 
simulate dual t-LFRS for one clock cycle 

is-i + 1 
if not rejected then 

insert XOR taps combination into the list of guard combinations 
insert state of dual t-LFSR into the list of guard combinations 
record XOR taps combination 
channels - channels + 1 

The code for Algorithm 2 consists of three parts. In each 
step of the outer while loop the procedure first generates a 
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16 
new XOR taps combination and subsequently checks if this 
combination can be accepted. If this is the case, the new 
combination and its corresponding guard combination are 
added to the list, and the number of generated channels is 
updated. The actual validation is carried out by an internal 
while loop. After initialization of the dual t-LFSR, it is first 
checked whether its current state is on the list of the guard 
combinations and then a next state of the dual t-LFRS is 
determined. The loop terminates successfully if counter i 
reaches the value of the requested interchannel separation. 
Note that variable rejected immediately invokes a next gen 
eration of XOR taps. An example application of Algorithm 2 
to synthesize a 19-output phase shifter driven by a t-LFSR 
implementing a primitive polynomial x'+x'+x+x+1 has 
resulted in a structure shown in FIG.8. The entire synthesis 
process was carried out assuming that each output channel is 
driven by 3 XOR taps and the minimal interchannel separa 
tion is equal to 100. 

According to this invention, phase shifters generated as 
shown above are, in particular, intended to reduce linear 
dependencies in sequences generated on their outputs. The 
influence of linear dependencies can be measured in terms of 
the probability of their occurrence being a function of a chan 
nel separation between Successive scan chains. With the vary 
ing value of the channel displacement and the scan length 
kept constant, one can determine the required interchannel 
separation to maximize likelihood of obtaining desired 
sequences. This is demonstrated in the following examples 
which consider Monte Carlo experiments performed on a 
class of phase shifters driven by several t-LFSRs 

In order to arrive with accurate estimations, the primary 
objective of simulation experiments was to assess the prob 
ability that a given test cube, represented by its specified 
positions, can be obtained by loading the t-LFSR with appro 
priate initial (seed) values and exercising it until scancells are 
filled with the desired test data. The estimation technique 
adopted here was based on Solving systems of linear equa 
tions in the Galois field modulo 2. Given a structure of the 
t-LFSR, one can form for all scan cells symbolic expressions 
which are linear combinations of the seed variables. Initially, 
a set of n seed variables is loaded into the n-bit t-LFSR. 
Subsequently, at every step (or equivalently every clock 
cycle) the resulting linear combinations of the seed variables 
are associated with Successive cells of the scan chains driven 
by the phase shifter outputs. Particular forms of the expres 
sions depend on the feedback network of the t-LFSR and the 
phase shifter employed. Once the symbolic expressions are 
determined, a system of equations can be formulated for a 
given test cube. The equations are obtained by selecting the 
symbolic expressions corresponding to specified positions of 
the test cube (they form the left-hand sides of the equations) 
and assigning values (the right hand sides) of these specified 
positions to the respective expressions. Solving Sucha system 
of equations can be carried out very efficiently using Gauss— 
Jordan elimination by taking advantage of fastbit-wise opera 
tions 

The initial values for a given test cube exist provided that 
the system of linear equations corresponding to positions 
where the test cube features specified positions has a solution. 
The existence of a solution is quantified by the probabilities of 
linear independence of the equations, and therefore these 
probabilities can be employed as a primary measure of a 
t-LFSR ability to produce required test sequences. Assuming 
that linearly dependent equations are uniformly distributed 
across the entire output space of the generator, probabilities of 
finding the initial values, for various generator sizes and 
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numbers of specified positions, have been derived as is well 
known in the art. These quantities are used as the reference 
points. 
The Monte Carlo experiments were carried out for n-bit 

t-LFSR feeding w scan chains, each consisting of c flip-flops. 
Experiments have been run with phase shifters featuring a 
limited number of XOR taps and a balanced load of the 
memory elements of t-LFSR. In the phase shifters with a 
limited number of XOR taps, the effective interchannel sepa 
ration is usually much larger than the requested one. This is 
because many states (their number determines the actual 
phase shift) of a dual t-LFSR (that could be used to synthesize 
the phase shifter) appear in its trajectory between two states 
having the same small number of ones. The main objective of 
the experiments was to determine the likelihood of obtaining 
desired values on designated scan cells for varying n, c, and 
the number of specified positions s. Some typical results for 
18 different primitive polynomials used to implement a feed 
back structure, n=32, S-29, w=128, c=50, and 4XOR taps are 
provided in FIG. 7. The plots of this figure show the relation 
ship between the interchannel separation and the probability 
offinding a solution, and they are characteristic of many other 
similar results not shown here. The theoretical limiting prob 
ability is also shown. Each data point on all curves was 
obtained by generating 100,000 test cubes. These vectors 
were generated by randomly selecting specified positions 
from nxc-bit output space of the generator, and by randomly 
assigning binary values to them. The results clearly indicate 
that given a t-LFSR with a phase shifter, the probability of 
finding the seed variables becomes practically independent of 
the channel separation. 
As can be easily observed, neither primitive polynomials 

northe structure of the t-LFSR can influence significantly the 
results once the properly synthesize phase shifter is placed in. 
In other words, the optimal performance can be achieved 
provided that there is no pair of scan chains whose contents 
overlap. 

Having illustrated and described the principles of the illus 
trated embodiments, it will be apparent to those skilled in the 
art that the embodiments can be modified in arrangement and 
detail without departing from such principles. 

Although a particular algorithm is disclosed, other algo 
rithms can be used for achieving the balanced loading. For 
example, the memory elements may be selected first and then 
loading checked to determine if the selected elements are 
acceptable, rather than performing a preprocessing. 

Still further, although the loading of the memory elements 
focuses on the number of connections (fanout) of the memory 
elements, the loading can also take into consideration physi 
cal information of the connections, such as resistance, induc 
tance, and capacitance. Such physical information can be 
affected by the length of interconnections, the width of the 
paths, etc. 

Yet further, it has been observed that an odd number of taps 
provides a phase shifter with a greater reduction in linear 
dependency. Thus, functionality may easily be introduced 
into the selection algorithm to ensure that an odd number of 
taps are produced, as is well understood in the art. 

In view of the many possible embodiments, it will be 
recognized that the illustrated embodiments include only 
examples of the invention and should not be taken as a limi 
tation on the scope of the invention. Rather, the invention is 
defined by the following claims. We therefore claim as the 
invention all such embodiments that come within the scope of 
these claims. 
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We claim: 
1. A built-in-self-test circuit, comprising: 
a linear finite state machine including multiple memory 

elements with at least one feedback connection between 
the memory elements, the linear finite state machine 
having multiple outputs with a substantially balanced 
load on the outputs; 

a plurality of scan chains for storing test patterns used to 
test an integrated circuit; 

a phase shifter positioned between the linear finite state 
machine and the scan chains, the phase shifter including 
a plurality of inputs coupled in parallel to the multiple 
outputs of the linear finite state machine. 

2. The built-in-self-test circuit of claim 1, wherein the 
memory elements in the linear finite state machine are flip 
flops coupled in a ring structure. 

3. The built-in-self-test circuit of claim 1, wherein the 
phase shifter includes XOR gates coupled between the plu 
rality of inputs to reduce correlation of test patterns provided 
by the linear finite state machine. 

4. The built-in-self-test circuit of claim 1, wherein the 
linear finite state machine can generate output combinations 
of test patterns with a predetermined interchannel separation. 

5. The built-in-self-test circuit of claim 1, wherein the 
linear finite state machine is a linear feedback shift register or 
cellular automata. 

6. One or more computer-readable media storing circuit 
design information for implementing the apparatus of claim 
1. 

7. A method for creating a built-in-self-test circuit, com 
prising: 

generating a linear feedback shift register having multiple 
flip-flops with outputs of the linear feedback shift regis 
ter extending from the flip-flops; 

generating a phase shifter coupled to the linear feedback 
shift register by randomly selecting the outputs of the 
linear feedback shift register for coupling to the phase 
shifter and checking whether the randomly selected out 
puts will provide adequate interchannel separation that 
exceeds a predetermined limit and whether loading on 
the outputs of the linear feedback shift register is sub 
stantially evenly distributed; 

coupling outputs of the phase shifter to a plurality of scan 
chains for storing test patterns generated by the linear 
feedback shift register and the phase shifter. 

8. The method of claim 7, further including simulating the 
linear finite shift register. 

9. The method of claim 7, further including generating test 
patterns and testing an integrated circuit using the generated 
test patterns. 

10. The method of claim 7, wherein the interchannel sepa 
ration is at least a length of a longest scan chain. 

11. The method of claim 7, wherein the flip-flops are 
coupled in a ring with intermediate feedbacks coupled to 
logic gates positioned between the flip-flops. 

12. The method of claim 7, wherein the phase shifter 
includes multiple conductors coupled in parallel to respective 
outputs of the linear feedback shift register and multiple logic 
gates coupled between the multiple conductors. 

13. The method of claim 12, wherein the logic gate 
includes XOR gates or XNOR gates. 

14. The method of claim 7, further including tracking 
whether a flip-flop has exceeded a loading limit and excluding 
the flip-flop as being potentially coupled to the phase shifter. 
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